Abstract-
I. INTRODUCTION
Although charging-in-motion technology is still in the early stages of development, prototypes of this technology have been constructed and are being tested at various locations. The charging-in-motion technology supplies power to the EV while the EV is in motion, as is described in [1] - [3] . While these systems can help increase the driving distance of electric vehicles (EV) [2] , reduce the battery size and increase in battery life [1] , and decreased charging-related waiting time there is also an anticipated impact on electricity load profiles as the driving periods of the electric vehicles (EV) could be during peak hours.
Today, discussions on integration of EVs into the power grid mostly emphasize plug-in stationary systems and do not consider the future of in-motion systems [4] - [5] . The demand of this charging methodology will be dynamic not only over time but also in space. The challenge of responding to this temporal and spatial demand variation is at this point rarely discussed. Nevertheless, as there is an increased adoption of EVs and other plug-in vehicles, there is a need to establish the impacts of such demand variations.
To facilitate the discussion, this paper presents a preliminary framework of coupling EVs and the power grid through charge-in-motion and connected vehicle technology. The demand-driven framework is based on traffic demand considering hourly variation over a transportation network. Demand of electricity for charging EV over the network is estimated according to the traffic demand. Numbers and locations of charging-in-motion facility are determined based on estimation of the electricity demand. Charging requests and operation in each facility are communicated between individual EV and a facility through connected vehicle technology by which the utility companies can have better visibility and pervasive control over assets and services.
Connected vehicle technology enables vehicles to communicate to surrounding devices [6] . Although the technology has been proposed primarily for safety reasons, the system can also provide additional benefits to surface transportation in the areas of mobility [7] , fuel efficiency [8] , and a combination [9] . Since the technology has been previously considered in vehicle-to-infrastructure integration, adoption through communicating dynamic electricity demand of EV with power grids is possible. With communication of the demand and supply information in the proposed framework, an equivalence of the coupled network equilibrium model which corresponds to a traffic network equilibrium model can be constructed for further analyses. In addition to formulation of the coupled networks, scenarios of optimal operations for both individual EV and power distribution are also discussed as possible applications of the proposed framework.
II. ROUTE CHOICE
To understand the dynamic of traffic distribution over a road network is the first step toward coupling both networks for transportation electrification. A core concept of traffic distribution dynamic is route choice which concerns the selection of routes between origins and destinations. In one of his classic work [10] , Sheffi suggested that traffic flow pattern throughout a network can be looked upon as the result of two competing mechanisms. On the one hand, users of the system try to travel in a way that minimizes the disutility associated with transportation. On the other hand, the disutility associated with travel is not fixed but rather depends in part on the usage of the transportation system. Based on analogies between these two mechanisms, Sheffi established an analytical approach to study the flow pattern over a network.
In a route choice problem, it is assumed that the number of drivers travelling between given origin/destination (O/D) pairs, links connecting the O/D pairs, and cost function of every links to each driver are given. The question of interest is how drivers would select a route to minimize their costs. The costs of links are usually related to travel time which depends on flow on the link, i.e. how many drivers are driving over a link during a period of analysis. Equilibrium of such a system may be reached when no driver would switch to another route to further lower his/her costs. Flows on each route on a network then can be determined with a solution of the equilibrium problem. The equilibrium problem is known as traffic assignment since the issue is how to assign given traffic on to a network.
A. Basic Formulation of Traffic Assignment Problem
To formulate a traffic assignment problem, we are considering a network represented by a directed graph that includes a set of nodes and links where some or all of the nodes are demand origins, denoted by o, or demand destinations, denoted by d. Each O/D pair is connected by a set of routes and the set is denoted by R od . Assuming x a and c a represent the flow and the cost on link a, the relation between x a and c a can be defined as c a = c a (x a ) which indicates that the cost of using link a depending on flow on it. When only travel time is considered as cost, the cost function is also known as the volume-delay curve or the link congestion function. In considering with a route r R od , and can represent the flow and cost on route r connecting origin o and destination d. The cost travelling through a particular route r is the sum of the costs on links comprising the route; and it can be expressed as, ∑ 
A traffic assignment problem is to find the link flows, x, that satisfies the equilibrium condition. With the abovementioned definitions of flow and cost, the link flow pattern can be determined by solving the following minimization program,
where q od represents the trip rate between origin o and destination d during the period of analysis.
Since Beckmann et al. [11] , their treatment of this fundamental problem sparked a vast literature, which likely now exceeds over 2,000 references [12] . With that in mind, the basic formulation is still sufficient in serving as a foundation of coupling transportation network and power grid.
B. Determination of the Equilibrium
Substantial progresses have been made to solve the traffic assignment problem, no matter if macroscopic or microscopic, static or dynamic, trip-based or agent-based. Actually, to develop efficient algorithms to determine the equilibrium of a traffic assignment problem is one of the most significant subjects in transportation research. The basic solution methodology is based on formulating the problem as a nonlinear optimization and solving it as such. Chen et al. [13] has classified the solving algorithms into three categories, i.e. link-based, origin-based, and path-based algorithms. The Frank-Wolfe (F-W) algorithm [10] is the most popular linkbased method in practice. However, it converges slowly when close to the optimal solution, and even fails to achieve high accurate equilibrium solutions at the expense of a very large computational time [14] - [15] . As they are also briefed in [13] , the origin-based algorithms [14] , [16] can achieve high solution accuracy and were built upon an acyclic property that equilibrium solutions do not contain cyclic paths. The pathbased algorithms [14] , [17] - [19] operate in the space of path flows. The algorithms could obtain highly accurate equilibrium solutions within reasonable computational time and there is an increasing interest in the development of these algorithms for solving large-scale traffic assignment problems [18] - [19] .
Among all these algorithms, the latest development in solving a multi-class reliability-based user equilibrium (RUE) problem made by Chen et al. [13] which may be a good start to determine the equilibrium for our purposes. The problem is able to capture the route choice behaviors with heterogeneous risk-aversion under demand and supply uncertainties. In [13] , a simple non-linear constrained optimization problem with respect to one decision variable was used to equilibrate routes. The problem was formulated as,
s.t.
< E(Δx) <
where Δx is the shifting route flow from the costliest route i to the cheapest route j, and it only affects link flows along these two routes. The shifting flow from route i to route j results in a decrease on ( ) but with an increase on ( ). It has been shown that an equilibrium solution can be determined when all the shifting processes have been completed.
III. ELECTRIC POWER EQUILIBRIUM
The same equilibrium concept has been applied to analysis of electric power distribution. Nagurney and Matsypura [20] proposed a network perspective for electric power production, transmission, and consumption that captured decentralized decision making behavior of the various economic agents involved and demonstrated that the multi-tiered network equilibrium problem could be formulated and solved as a finite-dimension variational inequality problem. Equilibrium electric power transaction flows can be determined by a solution of the problem. In [21] , Nagurney et al. showed how electric power supply chain networks can be reformulated and solved as fixed demand transportation network equilibrium problems with an assumption that electric supplied by each supplier must be equal to the amount transmitted since electric power can't be stored by the suppliers. An infinitedimensional variational inequality formulation was proposed in [21] to determine link flows over an electric power grid.
Two optimization programs were actually considered simultaneously with a supernetwork approach employed by [20] and [21] . Networks augmented with virtual links to represent different choice dimensions are referred as supernetworks [10] . The supernetwork representation reduces the problem of solving several models jointly to that of finding the equilibrium flow pattern over a single network. In the electric power equilibrium problem, we can assume that each individual power generator is a profit-maximizer (as defined in [21] ); therefore the profit maximization program for power generators can then be expressed as:
where s: one of the power suppliers considered; g: one of the power generators considered;
: the unit price charged by g for the transaction with s;
: amount of electricity transmitted from g to s; Assuming a power supplier would seek to maximize its own profit as a power generator does, the profit maximization program for power suppliers can be expressed with similar notations as:
where k: one of the power markets considered;
v: one of the transmission service providers considered;
: the unit price charged by power supplier s to market k via transmission service provider v;
: amount of electricity transmitted from s to k through v; Similar to the traffic assignment problem, i.e. no driver would switch to another route to further lower his/her cost, all the conditions should be satisfied simultaneously when equilibrium of the electric super network is reached so that no decision maker has any incentive to alter its transaction. A solution of the equilibria flows with demand varying over time can be determined by the variational inequality approach proposed in [21] .
IV. CHARGING POWER DEMAND
Demand response is a major challenge in power distribution. In addition to balancing the power at the time at all points of a system, satisfying operating limits (e.g. flow limits, voltage limits, and stability) is also essential in operating a power system. In the context of transportation electrification, the operation responds to the demand of charging EV, regardless of being stationary or in-motion. The main concern in operating a power system is the risk of not meeting operating constraints, with potential consequences of unstable power flow, overloading transmission lines or transformers, over or under voltage on equipment, as described in [22] . Varaiya et al. [22] formulated a risk-limiting dispatch problem for the operation as,
where : a vector of state variables, such as voltage magnitudes, phasor angles, frequency;
: a vector of control variables representing quantities under the control of the operator;
: a vector of parameters including load demand, equipment status; ( ) : a severity index which measures the degree of not meeting the operating constraints. It is defined as ( ) ( ( ( ) ) ( ) ) ( ( )) : operating risk, which is defined as ( ( )) { ( ) } : is the acceptable risk level;
While responding to demand of transportation electrification, randomness of the system would be introduced through the vector of parameters p and it will vary over time as well as across locations. Although the probability distribution of the parameters p could be derived from real-time measurements or sensor readings, it can also be suggested with a solution of traffic assignment model. An insight of demand fluctuation may be provided by the latter approach for a better planned operation.
V. DYNAMIC CHARGING POWER DEMAND
Challenge of demand response to the power grid for transportation electrification may come from both stationary and moving demands. Several studies (e.g. [23] - [25] ) have been reported for satisfying stationary demands, especially those from residential areas. For example, Fernández et al [23] analyzed large scale real distribution data in an urban area of 20 km 2 with more than 6000 low voltage residential customers, as well as an industrial and residential area of 3400 km 2 with over 61,000 customers. Two types of charging points, i.e. individual and station, are considered. With a large scale distribution network planning model, as known as Reference Network Model, Fernández et al [23] demonstrated an assessment approach for identifying and quantifying the impacts of different levels of plug-in electric vehicles penetration on distribution network investments and incremental energy losses.
Deilami et al. [24] proposed a load management solution for coordinating the charging of plug-in electric vehicles (PEVs) in a smart grid system to address the concern of that uncontrolled and random PEV charging can cause increased power losses, overloads and voltage fluctuations, which are all detrimental to the reliability and security of newly developing smart grids. Their solution is based on a PEV charging coordination problem that minimizes total cost of purchasing or producing energy for charging plus associated losses.
Ashtari et al. [25] investigated a yearlong 1 Hz usage data from 76 vehicles to predict the electric load profiles onto a power grid as a function of time for future PEV. In addition to deterministic simulations, a stochastic simulation method was proposed for regions where vehicle usage data is unavailable. Factors including state-of-charge (SoC), parking duration, parking type, and vehicle powertrain were considered in their formulation. With a combination of home, work, and commercial charging locales, and level 1 versus level 2 charging rates, their deterministic simulations for run-out-ofcharge events vary by less than 4% for the seven charging scenarios selected.
Analyzing the impact of charging-in-motion on supplying the demand can just be a step further from these studies. From a system perspective, this step could be big because the demand now will vary not only over time but also across locations. A join distribution of temporal and spatial variation of charging demand can make the analysis more complicated. For a driver, to keep the SoC above a certain percentage may be preferred if the battery can be charged enroute with an acceptable price. In considering these factors, a framework coupling electric vehicles and power grid through charging-inmotion and connected vehicle is therefore proposed to facilitate the discussion.
Charging-in-motion technology is the key component in the proposed framework. Without this technology, all the demands being responded are stationary. With this technology, the demand can be requested by a fleet of vehicles in one common line but heading to different destinations. Therefore, an observed peak of demand in a link may not necessary continue to an immediately downstream link although it is possible. A type of traffic assignment problem, such as formulated by (3)- (5), is recommended for modelling the route choice behavior.
Charging capability and associated cost would be essential factors affecting the selection. That is, a motorist may evaluate the benefit and cost of using a route to keep the SoC above a certain level. To express the evaluation, a relation between vehicle speed and received energy is first define as, (17) where e a : energy received in kWh while traveling through link a;R a : charging rate in kW at link a; l a : length of link a; v a : vehicle speed in link a;
The relation expressed by (17) serves as a linkage between the route choice problem and the electric power equilibrium problem. To link to the route choice problem, a concept of traffic flow that addresses relation between speed and flow is employed; it can be expressed as, To connect with the electric power equilibrium problem with the received energy e a , a battery charge cycle can be described as, (19) Assuming that there are n consumers using the charging-inmotion service provided by the market k, then the demand being responded can be expressed as,
where : amount of electricity transmitted from s to k through v to serve the charge-in-motion demand; it should be part of as defined previously in Section III ;
: energy received by consumer n at link a;
: energy lost due to serving consumer n at link a;
With (18) , the condition of expected SoC level for a consumer can be defined as,
where ζ S represents the preferred level of SoC for a consumer.
A very last component of this framework is the information flow by which a charging request can be sent to the immediate charge-in-motion facility for the service. Ideally, the amount of energy requested should be equal to and then the associated cost to a consumer can be determined accordingly. We are aware that there are other factors may cause discrepancy between what is expected and what is received. An iterative process may be needed to close the gap. In order to keep the focus on coupling a transportation network and a power grid, it is assumed that is requested and will be received. As discussing briefly in the Introduction section, connected vehicle technology should be able to serve as a media exchanging the information between vehicles and the charging facilities.
VI. DISSCUSSION ON THE FRAMEWORK
The proposed framework links traffic assignment and power distribution in order to have a better insight about transportation electrification. With this framework, we can explain,  how many drivers are going to use the chargingin-motion services,
 in which locations, and
 at what time frame (with dynamic traffic assignment, e.g. [26] );
 what level of power demand to the grid is expecting in locations,  an optimal operation plan for electric power distribution to respond the demand;
In addition to a solution answering the abovementioned questions, scenarios with different charging capabilities and preference levels of SoC can also be investigated with equilibrium of the supernetwork. The results may suggest an optimal size of battery with conditions of the charging-inmotion facilities, and may be able to address the range anxiety issue as well.
Conditions with mix traffic in a road network can also be addressed in this framework. A discussion about modal split with transit bus network can be found in the ninth chapter of [10] . The capability of taking different modes into consideration would be useful while planning the charging-inmotion facility. For example, taxi would rather run on road for either serving or finding customers. However, to build charging-in-motion facilities only for taxi use could be economically infeasible. A reasonable solution may come to share the charging facilities with private owned cars just like they share the road network. Of course, different types of vehicles may require different specifications of charging facility. This should be considered while modeling the mix traffic equilibrium problem.
Cost to consumers using the charging-in-motion service is mentioned but not specifically formulated in the preceding section since it can open up a debate about monetary value, which may be unnecessary for a discussion here. In traffic assignment analysis, sometime the term "cost" is absorbed into "disutility" which is a term commonly used in economic analysis. It can be separated from "disutility" as long as the monetary value can be defined properly and this will be beyond the scope of this paper.
The scope of this paper is modeling the couple of transportation network and power grid through charging-inmotion technology and connected vehicle technology for transportation electrification analysis. As shown in the preceding section, a supernetwork coupling these two networks can be constructed by linking them through individual energy demand . An approach to solve such a supernetwork was discussed in the section of II.B. However, it may be worthwhile to develop more efficient algorithms to solve specific problems in future studies.
VII. SUMMARY
A contribution of the proposed framework is to link the demand and supply of transportation electrification through mathematical programming since they are very different disciplines traditionally. The framework with a concept of supernetwork and possible methods to determine its equilibrium have been defined and discussed in this paper. Roles of charging-in-motion technology and connected vehicle technology are identified in the framework. With the equilibrium, we will be able to explain where, when, and how much power demand will be requested in a road network. Meanwhile, an associated operation plan of power distribution can be optimized simultaneously. Future work may include modeling real world problems with the framework, to develop efficient algorithms for solving the problems, and analysis of equilibrium to support related decision-making.
